Abstract Crystallins are heterogeneous proteins classified into alpha, beta, and gamma families. Although crystallins were first identified as the major structural components of the ocular lens with a principal function to maintain lens transparency, further studies have demonstrated the expression of these proteins in a wide variety of tissues and cell types. Alpha crystallins (alpha A and alpha B) share significant homology with small heat shock proteins and have chaperone-like properties, including the ability to bind and prevent the precipitation of denatured proteins and to increase cellular resistance to stress-induced apoptosis. Stress-induced upregulation of crystallin expression is a commonly observed phenomenon and viewed as a cellular response mechanism against environmental and metabolic insults. However, several studies reported downregulation of crystallin gene expression in various models of glaucomatous nerodegeneration suggesting that that the decreased levels of crystallins may affect the survival properties of retinal ganglion cells (RGCs) and thus, be associated with their degeneration. This hypothesis was corroborated by increased survival of axotomized RGCs in retinas overexpressing alpha A or alpha B crystallins. In addition to RGC protective functions of alpha crystallins, beta and gamma crystallins were implicated in RGC axonal regeneration. These findings demonstrate the importance of crystallin genes in RGC survival and regeneration and further in-depth studies are necessary to better understand the mechanisms underlying the functions of these proteins in healthy RGCs as well as during glaucomatous neurodegeneration, which in turn could help in designing new therapeutic strategies to preserve or regenerate these cells.
Introduction
Mammalian crystallins represent a heterogeneous group of proteins classified into three major families: alpha, beta, and gamma crystallins. These proteins were first identified as the major structural components of the ocular lens fiber cells, with a principal function to maintain lens transparency, which is necessary for its refractive characteristics. The predominant type of lens crystallin is alpha crystallin, which consists of noncovalently associated A and B subunits that form high molecular weight aggregates. Further studies have demonstrated the expression of crystallins outside of the lens in a wide variety of tissues and cell types [1] [2] [3] [4] . For instance, alpha crystallins (alpha A and alpha B) were found in the retina, cornea, optic nerve, astrocytes, Muller cells, as well as in non-ocular tissues such as the brain, kidneys, lungs, liver, spleen, skin, cardiac, and skeletal muscles. Both alpha A and alpha B share significant homology with small heat shock proteins (HSP), and as molecular chaperones prevent protein aggregation [5] [6] [7] [8] [9] [10] . In addition to their structural/refractive and chaperone functions, alpha A and alpha B have also been implicated in cell survival in response to stress by increasing cell resistance to stressinducible apoptosis. Although the exact mechanism of the alpha A and alpha B crystallins' cell protective effect is unknown, recent studies associate these proteins with the regulation of several anti-apoptotic pathways. Alpha B crystallin can inhibit apoptotic cell death induced by FAS, TNFalpha, TRAIL, or growth factor deprivation by interacting with and suppressing proteolytic activation of caspase-3 [11] [12] [13] . Alpha B crystallin may also inhibit stress-induced apoptosis through interaction with proapoptotic members of the Bcl-2 family, Bax and Bcl-Xs, which in turn prevents the translocation of Bax and Bcl-Xs from cytosol to mitochondria and thus preserves the integrity of mitochondria, blocks the release of cytochrome c, and prevents the activation of caspase-3 [14] . The cell protective effect of alpha A crystallin was attributed to its ability to interact with cytochrome c, as well as to interact and block the activation of caspase-3 and caspase-6 [12, 13, [15] [16] [17] .
Stress-Induced Modulation of Crystallin Expression
Upregulation of crystallins in response to a multitude of stress stimuli or to tissue damage is a commonly observed phenomenon. For instance, in a streptozotocin-induced rat model for diabetes, the expression of alpha A crystallin was found to be elevated in the retina, whereas alpha B crystallin was upregulated in the heart, muscle, brain, lens, and retina [18] . Both alpha A and alpha B crystallins were upregulated in the retina in several other rat models for diabetes, including a genetic model of spontaneous obesity-induced type 2 diabetes, high fat diet-and alloxan-induced diabetes [18] [19] [20] [21] . Increased level of alpha A crystallin expression was also observed in the human diabetic retinas [22] . The upregulation of alpha-crystallin in several different models of diabetes as well as in human diabetic eyes strongly suggests that alpha crystallins play a role in the pathophysiology of the disease. Selective upregulation of alpha A crystallin, but not of alpha B or other HSPs, in the photoreceptor inner segments was observed during the early phase of experimental autoimmune uveitis (EAU) and was suggested to suppress mitochondrial oxidative stressmediated apoptosis [15] . Alpha B crystallin upregulation in the retina was reported during Staphylococcus aureusinduced endophthalmitis and proposed to inhibit apoptosis during immune clearance of the bacteria [23] . Gene expression studies consistently report the upregulation of alpha and beta/gamma crystallins in the retina after ischemiareperfusion injury, light injury, and retinal tears [24] [25] [26] . Elevated levels of alpha B crystallin have been associated with several neurological disorders including Alzheimer's disease (AD), Alexander's disease, Creutzfeldt-Jakob disease, and Parkinson's disease [27] [28] [29] [30] [31] . Based on their antiapoptotic effect, the stress-induced upregulation of alpha crystallins in various tissues was suggested to be a cellular response mechanism against environmental and metabolic insults. Interestingly, however, Stege et al. [32] , reported that when rat cerebral cortex or hippocampal neurons were incubated with amyloid-β [Aβ; Aβ and Aβ peptides are implicated in the pathogenesis of AD], alpha B crystallin, instead of protecting cells against toxic effect of Aβ, actually increased its toxicity. In the brains of AD patients, immunoreactivity to alpha B crystallin in astrocytes and microglia was restricted to areas with senile plaques and neurofibrillary tangles, suggesting the association of alpha B with amyloid deposition. Since crystallins as molecular chaperones can prevent protein aggregation, it was proposed that observed upregulation of alpha B as well as HSP27 in AD brains can be viewed as an attempt to prevent the formation of amyloid fibrils and consequently protect cells from amyloid-induced to toxicity [30] . Indeed, the presence of alpha B crystallin does prevent and delay the formation of fibrils by Aβ and by Aβ(1-42), respectively, and leads to formation of Aβ/alpha B crystallin aggregates. But in contrast to observation by Stege et al. [32] that alpha B increases neurotoxic effect of Aβ, other studies found that co-incubation with alpha B crystallin completely abolishes the toxicity of aggregated Aβ and Aβ(1-42) [33] . Alpha A crystallin has also been shown to completely inhibit fibril formation by Aβ and suppress its toxicity [34] .
Gene Expression Profiles Indicate Downregulation of Crystallin mRNAs in Animal Models for Glaucomatous Neurodegeneration
We first came across crystallin genes during the analysis of retinal gene expression profiles of rat ocular hypertensioninduced glaucoma model. Glaucoma is the most common form of optic neuropathy that affects more than 60 million people worldwide and is expected to reach 79.6 million in 2020 [35, 36] . If left untreated, glaucoma can lead to severe visual impairment and blindness. It is the second leading cause of blindness in the world with an estimated 8.4 million people bilaterally blind in 2010, rising to 11.1 million by 2020 [36] . The vision loss in glaucoma is caused by degeneration of retinal ganglion cells (RGCs) and their axons in the optic nerve. The main treatment strategy to slow progression of the disease is reduction of intraocular pressure (IOP). Lowering IOP has been shown to benefit not only patients with elevated IOP but also patients with normal pressure glaucoma. Unfortunately, in many cases, glaucomatous neuropathy continues to progress even after IOP reduction. Since the mechanisms of RGC death in glaucoma are unknown, several studies, including one in our laboratory, were designed to analyze the gene profiles of retinas derived from an experimental glaucoma model, with the aim of identifying genes associated with RGC degeneration. The glaucoma model with chronic IOP elevation used in this study was generated in Wistar rats by trabecular laser photocoagulation. Glaucomatous changes in this model have been characterized by the evaluation of RGC degeneration with the first statistically significant ∼12 % loss of RGCs observed two weeks after IOP elevation, and reaching ∼27 % by 5 weeks, compared to the control eyes [37] . Expression of several members of the crystallin superfamily, including alpha A (Cryaa), alpha B (Cryab), beta A1/A3 (Cryba1/a3), beta A2 (Cryba2), beta A4 (Cryba4), beta B2 (Crybb2), beta B1 (Crybb1), gamma 4 (Cryg4), and beta B3 (Crybb3) were found to be downregulated in experimental glaucomatous retinas 2 weeks after IOP elevation [38] . The expression levels of Cryaa, Cryba1/a3, Cryba2, Cryba4, and Crybb2 were decreased by twofold or more and the level of Cryab transcript was reduced 1.6 times in glaucomatous retinas, compared to control (Table 1) . However, at the 5-week post IOP elevation, no significant change in mRNA levels of these genes in glaucomatous versus control retinas was observed. Downregulation of crystallins was also observed in gene profiles obtained from retinas of other animal models of glaucoma. In Brown Norway rats that received unilateral episcleral vein injection of hypertonic saline to elevate IOP, Cryaa, Cryab, and Crybb2 were reproducibly downregulated in the group exposed to elevated IOP for 8 days, but not for 5 weeks [39] . In a hereditary rat model of elevated IOP, retinal gene profiling revealed downregulation of only one member of the crystallin family, Cryba1 [40] . In a DBA/2J mouse, a model for secondary angle closure glaucoma due to iris atrophy and pigment dispersion, which ultimately lead to increased IOP, microarray analysis of retinal RNA showed downregulation of nine crystallin genes including Crygb (gamma B), Crygd (gamma D), Crygn (gamma N), Crybb3, Cryba4, Crybb1, Cryba2, Cryaa, and Cryba1 at 8 months when IOP is elevated versus at 3 months before disease onset [41] . Contrary to these observations, analysis of retinal gene expression changes in Wistar rats after experimental IOP elevation induced by translimbal laser photocoagulation showed upregulation of several members of the crystallin family. However, the authors suspected that these findings were artefactual, most likely due to contamination of retinal samples with lens material [42] .
Expression of Crystallin Genes in the Retina
Since crystallins are associated with cell defense systems and are generally upregulated in response to stress, it can be hypothesized that the downregulation of these genes at early stages of the glaucomatous process observed on microarrays may affect the survival properties of RGCs, and thus contribute to their degeneration. In order to be able to speculate about the potential role of crystallin genes in RGC degeneration, in situ hybridization was performed to analyze their spatial distribution in the rat retina and first and foremost to determine whether or not these genes are expressed in RGCs. The expression pattern for all six crystallins that were downregulated two weeks after IOP elevation (Cryaa, Cryab, Cryba1/a3, Cryba2, Cryba4, and Crybb2) was very similar with the abundant staining observed in the ganglion cell layer (GCL), and to a lesser degree in the inner nuclear layer (INL, Fig. 1 ). In the mouse retina, Cryaa and Cryab crystallins also had similar distribution patterns and were localized to the GCL, INL, and outer nuclear layer (ONL) [9] . Cryab was also detected in the photoreceptor outer and inner segments. Since rodent GCL contains both RGCs and non-RGCs, such as displaced amacrine cells, in an approximately equal ratio, cells positive for Cryaa, Cryab, Cryba1/a3, Cryba2, Cryba4, and Crybb2 were colocalized with retrograde labeled RGCs to demonstrate that these crystalline-positive cells are RGCs. These results indicate that both alpha (Cryaa and Cryab) and beta (Cryba1/a3, Cryba2, Cryba4, and Crybb2) crystallin genes are expressed predominantly in the RGCs, suggesting a common mechanism regulating the expression of these genes in the retinas. Although there is virtually no information about the regulation of crystallin expression in the retina, regulation of crystalline transcription during lens differentiation has been extensively studied. Accumulated evidence suggests that temporal and spatial expression of all crystallin genes is regulated by different arrangements of developmentally regulated transcription factors, such as Pax-6, c-Maf, MafA/L-Maf, MafB, NRL, Sox2, Sox1, RARβ/RXRβ, RORα, Prox1, Six3, γFBP-B, HSF2, and HSF4, with ubiquitously expressed AP-1, CREB, pRb, TFIID, and USF factors [43] [44] [45] [46] . Even though it is tempting to draw a parallel between lenticular and retinal regulation of crystallin transcription, the ensemble of transcription factors, and consequently, the mechanisms controlling expression of these genes could vary significantly from tissue to tissue. As evidence of this, evaluation of a 148-kb genomic fragment encompassing Cryaa showed that it contains all of the regulatory regions required for expression of this gene in the lens, but not in the retina, spleen or thymus, indicating the involvement of other genomic regions in modulation of alpha A extralenticular expression [47] . Nevertheless, it is noteworthy that among all non-ubiquitous factors that are involved in the regulation of crystallin transcription in the lens, only Pax-6 and RORα are known to be localized in the GCL of the differentiated retinas [44, [48] [49] [50] [51] , suggesting that these factors play a role in the transcriptional regulation of crystallin genes in the RGCs. Pax-6 plays a critical role in eye morphogenesis. Conditional knockout of the Pax6 in the developing retina leads to a failure in the specification of all cell types except amacrine cells [52] .
Haploinsufficiency for Pax-6 causes aniridia, which is frequently accompanied by cataract, corneal opacification, and progressive glaucoma [53, 54] . Mutations in the Pax6 have been associated with anophthalmia, nasal hypoplasia, and central nervous system defects [55] . The absence of RORα has no morphological effect on the retina but causes dramatic changes in cerebellum development [49] .
Crystallins and Glaucomatous Neurodegeneration
A notion about common mechanisms regulating expression of different crystallin genes in the retina based on their similar distribution pattern is supported by coordinated modulation of these genes during glaucomatous neurodegeneration. As stated above, gene profiles showed downregulation of six members of the crystallin superfamily, including Cryaa, Cryab, Cryba1/a3, Cryba2, Cryba4, and Crybb2 in glaucomatous retinas 2 weeks after IOP elevation, whereas the expression of these genes in retinas exposed to elevated IOP for five weeks was similar to that of control retinas. These dynamic changes in crystallin transcription in response to IOP elevation were evaluated by quantitative RNA and protein analysis [38] . In agreement with the microarray data, mRNA levels of alpha A, alpha B, beta A1/A3, beta A4, and beta B2 were approximately 50 % and of beta A2-40 % lower in experimental retinas than in controls (Fig. 2) . By 5 weeks after IOP increase, the transcriptional levels of crystallin genes were elevated to the levels of control or even 5 % to 10 % higher. The estimated RGC loss was approximately 8 % and 20 % at 2 and 5 weeks post IOP elevation, respectively. Discordance between the 8 % cell loss and ∼50 % reduction in crystallin expression at 2 weeks suggests at least two possible explanations: (a) high IOP selectively kills RGCs that contribute ∼50 % of total expression of crystallins in the retina and (b) high IOP at an early stage of the glaucomatous process by a yet unknown mechanism suppresses the transcription of crystallin genes in RGCs and other retinal cells. The first scenario is very unlikely to take place, since no apparent changes in the crystallin expression patterns were detected by in situ hybridization in 2-week experimental retinas and in GCL in particular compared to controls. Also, glaucomatous degeneration is not known to preferentially affect certain subgroups of RGCs. The second explanation suggests a deficiency at the level of expression or at the level of activity of one or more factors regulating transcriptional activity of crystallin genes. The mRNA levels of Pax-6 or RORα, that are known to control crystallin expression and to be expressed in the retina, were not significantly changed in the gene profiles of the glaucomatous retinas to associate these transcription factors with downregulation of crystallin expression. However, it is not known whether the expression of these factors is affected at the post-transcriptional level or at the level of activation in glaucomatous retinas. Pax-6, for instance, has been shown to be phosphorylated by the mitogen-activated protein kinases (MAPK), ERK (extracellular-signal regulated kinase) and p38 kinase, and phosphorylation by p38 kinase results in a strong increase of the transactivation potential of Pax-6 [56] . Unexpected downregulation of crystallins observed 2 weeks after IOP elevation, reversed its course with the progression of the glaucomatous process and followed a more generally accepted trend associated with regulation of crystallin expression in response to stress with the mRNA levels of the corresponding genes reaching and exceeding the levels of that in control retinas. We believe that this increase in crystallin levels is due to the activation of cell defense mechanisms in remaining RGCs and /or other retinal cells in response to progressive RGC degeneration. The notion of the upregulation of crystallin expression by non-RGC cells in the retina in response to a rapid and extensive RGC degeneration is supported by the analysis of crystallin profiles in retinas of the optic nerve axotomy model (see below). Nevertheless, the possibility that the crystallin upregulation in retinas with advanced neurodegeneration is irrelevant of the extent of RGC degeneration and is rather a cell response dynamic to IOP-induced stress cannot be excluded.
Interestingly, at the protein levels, although the upward trend was evident, alpha A, alpha B, beta A1/A3, and beta B2 crystallin expression in both 2-and 5-week post-IOP elevation retinas was lower than in controls. Alpha A, alpha B, beta A1/A3 and beta B2 were approximately 2-, 2.7-, 3.3-, and 1.6-fold lower in experimental retinas 2 weeks after IOP elevation, respectively, compared to controls. The levels of alpha A and alpha B proteins were decreased 1.6-fold and of beta A1/A3 and beta B2 almost twofold in retinas exposed to elevated IOP for 5 weeks. This deviation between mRNA and protein levels at 5 weeks could be explained by posttranscriptional regulation of crystallin expression or by an increased turnover rate of crystallins. Beta A2 and beta A4 crystallins were undetected in the retinal extract, suggesting the low expression level of these proteins. Miyara et al. [57] reported a 2.7-fold downregulation of alpha A crystallin detected by quantitative proteomic analysis in retinas of a rat with a steroid-induced ocular hypertension.
In addition to chaperoning and death pathway regulatory properties of intracellular HSPs, extracellular and membraneassociated stress proteins have been reported to exhibit powerful effects on the immune response and were associated with autoimmune diseases, including neurodegenerative diseases [58] [59] [60] . For instance, van Noort et al. [59] found that alpha B crystallin acts as an immunodominant myelin antigen to T cells when upregulated in oligodendrocytes and astrocytes at active multiple sclerosis (MS) lesion sites in the human brain. The authors suggest that although alpha B crystallin is unlikely to activate demyelinating autoimmunity in MS, it is a key myelin antigen that may contribute to the amplification of local inflammatory responses, disturbance of the blood-brain barrier, cytokine production, and expression of major histocompatibility antigens. With respect to glaucomatous neurodegeneration, antigens corresponding to alpha B crystallin were identified in the aqueous humor of normal tension glaucoma patients [61] . Serum immunoreactivity against alpha A and alpha B crystallins and HSP27 was found in patients with primary open-angle and normal-pressure glaucoma [62] . Patients with normal-pressure glaucoma had a higher titer of autoantibodies to small heat shock proteins than age-matched primary open-angle glaucoma patients or control subjects. When applied in ex vivo and in vitro retina models, these antibodies have shown to trigger apoptotic cell death, suggesting that increased titers of circulating antibodies against small HSPs may have pathogenic significance in glaucoma patients.
Crystallins in RGC Protection and Regeneration
Since crystallins, particularly alpha A and alpha B, are known to play cell protective functions, the observed downregulation of these proteins in retinas of several glaucoma models could undermine cellular defense response to high IOP-induced stress and consequently be associated with or responsible for RGC death. We evaluated the cell protective effect of alpha A and alpha B crystallins in a rat optic nerve axotomy model for RGC degeneration [63] . This model is characterized by rapid, specific, and consistent degeneration of RGCs with approximately 90 % of cell loss by 2 weeks after axotomy. Despite the loss of almost all RGCs, the overall level of alpha crystallin transcription was elevated in gene profiles of axotomized retinas. Quantitatively, the upregulation of Cryaa and Cryab expression 2 weeks after axotomy was 1.4-and 1.2-fold higher compared to control retinas, respectively. The loss of crystallin-expressing cells in the GCL (RGCs) on one hand, and the upregulation of alpha crystallin mRNAs on the other, suggest that crystallin transcription was induced in response to RGC loss in other retinal cells, including INL cells and photoreceptors. However, upregulation of alpha A and alpha B crystallins at the transcriptional level was not correlated with levels of the corresponding proteins which were 1.6-fold lower compared to control retinas. Remarkably, this discordance between the mRNA and protein levels of crystallin genes which observed in axotomized retinas with ∼90 % RGC loss was comparable to that described above for glaucomatous retinas with 20 % RGC loss. The difference between these models was the level of crystallin upregulation in experimental relative to control retinas: 40 % for alpha A and 20 % for alpha B in axotomized retinas versus 5 % for alpha A and almost no change for alpha B in glaucomatous retinas. It appears that the difference in crystallin mRNA upregulation depends on the extent of the damage, i.e., more severe RGC loss caused by axotomy leads to higher crystallin mRNA levels. It is interesting to note that at the protein level the expression of alpha crystallins in both axotomized and in glaucomatous retinas 5 weeks after IOP elevation was 1.6-fold lower than in control retinas. Since RGCs in untreated retinas show a very strong expression of these genes, similar level of these proteins in retinas with less than 10 % (axotomy) and ∼80 % (ocular hypertension) remaining RGCs suggests that IOP elevation somehow suppresses the expression of crystallins. We believe that this downregulation of crystallins in RGCs may undermine the defense abilities of these cells to withstand the IOP-induced damage and thus make them more vulnerable to degeneration. RGC protective effect of alpha crystallins was clearly demonstrated in axotomized retinas [63] . Overexpression of alpha A and alpha B led to an increase in the number of survived RGCs by approximately 95 % and 75 %, respectively. Ying et al. [64] reported protection of RGC axons from optic nerve crush following a single intravitreal administration of alpha crystallin protein (unfortunately, it was not specified if it was alpha A or alpha B or both). Axonal survival was significantly greater in those crystallin-treated than in control animals 2 weeks after injection: 16.0 % vs. 12 %, 21 % vs. 11 %, and 28 % vs. 17 % at 0.5, 2, and 5 mm distal to the injury site, respectively. The protective effect of alpha crystallin declined by 4 weeks after injection but remained greater than in controls. Crystallins were also associated with the neuroprotective effect of wolfberry (fruit of Lycium barbarum Linn) in a rat ocular hypertension model. Wolfberry has been known in oriental countries for more than 2,500 years as a remedy that among other things improves visual acuity [65] . One of the active components in wolfberry, L. barbarum polysaccharide (LBP), has been shown to elicit anti-oxidative effects and inhibit JNK and double-stranded RNA-dependent protein kinase (PKR) pro-apoptotic signaling pathways [66] [67] [68] . Daily feeding of LBP starting 7 days prior to IOP elevation led to a decrease in RGC loss from ∼18 % to about 1 % at 2 weeks after the laser photocoagulation [69] . Both alpha (A and B) and beta (A4 and B2) crystallins were found to be increased more than ten times in LBP-treated rats compared to control 2 days after IOP elevation, suggesting their roles in protection of RGCs in experimental glaucoma [65] .
Several studies suggest that lens injury (LI) increases RGC survival (up to eightfold) and transforms these cells into an active regenerative state, enabling axonal regrowth (100-fold increase in the number of axons regenerating beyond the crush site) after optic nerve crush or cut [70] [71] [72] . Mature RGCs, as typical neurons of the central nervous system (CNS) under normal circumstances fail to regenerate their axons partly because of the gradual decline in their intrinsic growth ability [73] [74] [75] [76] as well as extrinsic inhibition by the glial environment of the adult CNS that includes myelin-associated inhibitors and proteoglycans involved in astroglial scarring [77] [78] [79] . Lentogenic axon growth-promoting effect was attributed to induction of intraocular inflammation. It was proposed that LI as well as peripheral nerve implants into the eye or intraocular injections of zymosan (a yeast cell wall preparation) lead to the activation and infiltration of macrophages into the eye, which secrete factors stimulating RGCs to regenerate their axons [70, 80, 81] . Yin et al. [82] identified oncomodulin (Ocm), a small Ca 2 + -binding protein, as the principal mediator of inflammation-induced axonal regeneration. Ocm is expressed and secreted by macrophages; it binds to RGCs with high affinity and stimulates axonal regeneration via a Ca2+/calmodulin (CaM) kinase-dependent pathway. However, since intravitreal injection of activated macrophages alone was not sufficient to induce axon regeneration [70] and oncomodulin's in vivo axon-growth-promoting effect requires the presence of agents elevating intracellular cAMP level [82] , it was suggested that in addition to the inflammation-induced axonal regeneration, there are macrophage-independent mechanisms by which LIassociated factors contribute to the regeneration-promoting effects [83] [84] [85] . Based on observations that an LI-induced switch of RGCs to a regenerative state is closely correlated with the activation of retinal astrocytes and Müller cells, the increased expression and release of ciliary neurotrophic factor (CNTF) from astrocytes after LI, activation of CNTF's JAK/STAT3 (the Janus-kinase/signal transducers and activators of transcription 3) downstream pathway, it was proposed that both CNTF and JAK activation are required for the LIinduced axonal regeneration [84, 86] . Furthermore, the LIinduced regeneration effect was observed following intravitreal injections of purified lens beta or gamma crystallins, but not of alpha crystallin. This is associated with an influx of circulating macrophages, an activation of retinal astrocytes, Müller cells, and resident microglia, elevated expression CNTF in astrocytes, and activation of the JAK/STAT3 signaling pathway [87] . Finally, crystallin beta B2 via an autocrine mechanism was implicated in neuritepromoting activity in retinal explants and dissociated neurons from the retina and the hippocampus [88] .
Concluding Remarks
Although crystallins were first characterized as major structural proteins of the ocular lens with a principal function to maintain lens transparency, further studies identified extralenticular crystallin expression, including expression in the retinal cells and particularly in RGCs and demonstrated dynamic modulation of these genes, general upregulation, in response to stress or injury. As members of a small HSP family, crystallins demonstrate chaperone-like activities and were shown to suppress apoptotic cell death and consequently protect cells from insult. Therefore, the upregulation of crystallins observed in various cells and tissues in response to stress is commonly viewed as a component of cell defense mechanism activation. In contrast to these observations, a number of independent studies show downregulation of crystallin genes in retinas of various animal models for glaucoma, suggesting that the downregulation of crystallins could impair the survival properties of RGCs, and consequently be associated with RGC death in glaucoma. And as expected, a single intravitreal administration of alpha crystallin protein or overexpression of alpha A or alpha B crystallins led to an increase in RGC survival rate. Moreover, beta/gamma crystallins were implicated in RGC axonal regeneration via an autocrine, inflammation-induced, or astrocyte-derived CNTF-mediated mechanism. Further in-depth studies on the roles of crystallins in RGC survival and regeneration will help us to better understand the pathophysiology of optic neuropathies such as glaucoma and to design new strategies to preserve/regenerate these cells and restore their synaptic connections with their target neurons.
